Abstract Minimally invasive plate osteosynthesis (MIPO) has been advocated as a safe approach to humeral shaft fracture management. We evaluated the reproducibility of this technique in a regional hospital. Thirty-five patients underwent MIPO of humerus shaft fractures. Fifteen patients had an open fracture, six a preoperative radial nerve palsy, and nine a concomitant thoracic, musculoskeletal or vascular injury. At an average 12-month follow-up, 91% of fractures healed after a mean of 12 weeks (range, 8-16). Two infections occurred. Final alignment averaged 4°of varus (range, 5°of valgus to 20°of varus). Active elbow ROM averaged 114°(range, 60-135°) and was less than 100°in nine elbows. Five of six preoperative radial nerve injuries recovered spontaneously. Healing and infection rates in this study are consistent with those reported in the literature. Lower elbow ROM and higher fracture angulation at healing were nevertheless found. MIPO is technically demanding and requires adequate intraoperative imaging and surgical experience in order to obtain adequate fracture alignment. Brachialis muscle scarring and inadequate postoperative rehabilitation may be involved in limited elbow range of motion.
Abstract Minimally invasive plate osteosynthesis (MIPO) has been advocated as a safe approach to humeral shaft fracture management. We evaluated the reproducibility of this technique in a regional hospital. Thirty-five patients underwent MIPO of humerus shaft fractures. Fifteen patients had an open fracture, six a preoperative radial nerve palsy, and nine a concomitant thoracic, musculoskeletal or vascular injury. At an average 12-month follow-up, 91% of fractures healed after a mean of 12 weeks (range, [8] [9] [10] [11] [12] [13] [14] [15] [16] . Two infections occurred. Final alignment averaged 4°of varus (range, 5°of valgus to 20°of varus). Active elbow ROM averaged 114°(range, 60-135°) and was less than 100°in nine elbows. Five of six preoperative radial nerve injuries recovered spontaneously. Healing and infection rates in this study are consistent with those reported in the literature. Lower elbow ROM and higher fracture angulation at healing were nevertheless found. MIPO is technically demanding and requires adequate intraoperative imaging and surgical experience in order to obtain adequate fracture alignment. Brachialis muscle scarring and inadequate postoperative rehabilitation may be involved in limited elbow range of motion.
Background
Even though the majority of humeral shaft fractures heal after nonoperative treatment [1] , surgical management is required in special circumstances such as polytrauma, open or bilateral fractures, floating elbow, and obesity [2] .
Open reduction and internal fixation (ORIF) with plates and screws continues to be considered the gold standard for surgical treatment given its lower complication rate [3, 4] and shorter time to union [5] over intramedullary nailing. Due to concerns about soft tissue dissection required for ORIF, a less invasive technique that allows indirect reduction and percutaneous plating of the anterior humerus has been developed. Early reports have shown excellent healing rates and alignment, and infrequent complications [6] [7] [8] [9] [10] [11] [12] [13] .
The purpose of this study was to establish the reproducibility of minimally invasive plate osteosynthesis (MIPO) of humeral shaft fractures in a regional hospital in Popayán, Colombia.
Methods
Between June 2004 and January 2007, 35 patients with a fracture of the humeral diaphysis were treated using the MIPO technique at the senior author's (JMC) institution, a regional hospital in Colombia. Mean age of the 26 males and nine females was 33 years (range, 19-54). Eighteen patients had AO type 12C fractures, and 15 sustained an open fracture of which 13 were associated with gunshot injuries. Nine patients had a concomitant thoracic, musculoskeletal or vascular injury; a radial nerve palsy was present upon admission in six patients (Table 1) .
Surgical technique
Patients are routinely operated upon under general anaesthesia and placed on a conventional table in the supine position. Surgical approach is that described by Livani et al. [9] . Briefly, a limited anterolateral approach is performed over the proximal humerus entering between the deltoid and cephalic vein laterally and the biceps medially. In very proximal fractures, the humerus can be approached via a deltoid split through the anterior fibrous raphé [14] . Distal access to the humerus is obtained through an anterior approach between the biceps and brachioradialis muscles. After the lateral antebrachial cutaneous nerve is identified and medially retracted, the brachialis muscle is longitudinally split and the anterior surface of the humerus exposed. The radial nerve is hereby protected as it courses laterally between the brachialis and brachioradialis. The submuscular tunnel connecting the proximal and distal incisions is created by blunt dissection using either a Cobb retractor or the edge of the plate. In distal fractures that require access to the anterior aspect of the lateral column of the humerus, the brachioradialis and extensor carpi radialis longus origins are subperiosteally reflected anteriorly by using the proximal extension of Kocher's interval. The radial nerve and posterior interosseous nerve are thereby protected and do not require exposure. Alternatively, four smaller incisions can be performed for plate introduction and percutaneous screw fixation. In the setting of preoperative radial nerve palsy an exploration is performed at the surgeons discretion through an oblique incision on the lateral aspect of the mid-distal humerus as described by Livani et al. [10] . The radial nerve is identified in the anterior muscle compartment between the brachialis and brachioradialis muscles and followed proximal through the intermuscular septum, which is released.
Based on availability, fracture fixation was performed in 26 patients using a 4.5-mm dynamic compression plate (DCP) and in nine patients using a 4.5-mm locking compression plate (LCP) (Synthes, Paoli, Pennsylvania). Previous studies on MIPO of humerus shaft fractures have shown no advantage of broad over narrow plates with respect to rotational stability and hardware failure [9, 10] . Since narrow plates allow a more accurate and less traumatic introduction of hardware they are routinely used in the author's institution. The plate is pre-bent according to fracture location in order to avoid soft tissue impingement, and is introduced either in a proximal to distal or distal to proximal fashion.
Median plate length was 12 holes for both DCP and LCP plates (range 10-14 for both plates). Fixation was most frequently obtained through the two most proximal and two most distal plate holes. Average working length (length between the most distal screw in the proximal segment and most proximal screw in the distal segment) was 7.6 holes (range 6-8) and average screw density (screw count divided by holes between most distal and most proximal screw of the fracture segment) 0.94 (range 0.67-1) proximally and 0.85 (range 0.67-1) distally. Screws located at the humerus diaphysis were introduced with bicortical purchase in all cases. As screws located at the proximal epiphysis only gained unicortical purchase, locked screws were used at this location in all locked plates when available. The remaining fixation for both locked and conventional plates was obtained with conventional screws in a divergent fashion attempting to increase screw pullout strength (Figs. 1a, b, c, d and e, 2a, b, c, d and e). Locked screws were used for the whole construction in only one 54 year old patient as bone stock was of concern. Antibiotics were routinely used for all patients following the guidelines of the Centre of Disease Control [15] . In essence oxacillin, a first generation cephalosporin or clindamycin was administered in closed fractures at induction of anesthesia, depending on the patient's allergy history. Antibiotics are continued for 24 hours. In open fractures the above-mentioned scheme was started at patient admission and combined with an aminoglycoside for type II and III fractures and penicillin in the event of major contamination or soft tissue injury. Antibiotics were continued until 72 hours after fracture fixation. Antithrombotic prophylaxis was not used.
Postoperative evaluations
After surgery, patients were immobilised in a sling, while active and active-assisted range of motion began as soon as tolerated. A formal rehabilitation program was not routinely started.
Patients were followed-up at two weekly intervals during the first month and monthly thereafter until bony union occurred. Anterior-posterior and lateral radiographs were taken at monthly intervals. Elbow range of motion was assessed by one of the authors (JMC) at each follow-up visit using a standard goniometer. Arm and forearm longitudinal axes were used for angular measurement and flexion-extension performed with the forearm in neutral pronation-supination.
Fracture union was defined as the presence of bridging callus radiographically visible on at least three cortices. Malunion was defined as healing occurring at more than 15°of angulation. A non-union was diagnosed when healing had not occurred after six months. 8-16 ). Three non-unions occurred, two of them in gunshot fractures, which healed after revision with hardware exchange using standard open reduction and internal fixation with autogenous iliac crest bone grafting. One superficial infection occurred which resolved with antibiotic treatment. One patient developed a deep infection that responded to serial debridement and irrigation with culture specific antibiotics. Removal of hardware was not deemed necessary as no signs of loosening were present and progressive bone healing was visible on radiographs. Adequate healing with complete remission of infection was achieved.
Six patients had preoperative radial nerve injuries, five of them after a low velocity and one due to a high velocity gunshot injury. In the latter, the nerve had been transected in a complex injury that involved the brachial artery. Vascular repair was performed, while the nerve injury could not be reconstructed. All nerves associated to low velocity gunshot injuries recovered during the first 12 weeks after surgery. Tendon transfers were required for the nonrepairable nerve injury. Fig. 2 (a Average alignment at final follow-up was 4°of varus, ranging from 5°of valgus to 20°of varus. Thirteen fractures healed with an angulation greater than 5°, all of them in varus alignment. Of these, five, five and two fractures had a final angulation of 7°, 10°and 15°, respectively. Finally, one fracture was defined as a malunion, which healed with 20°of varus angulation. This fracture occurred as a floating elbow injury with a concomitant radius and ulna fracture of the forearm, with no additional complications. Of the two fractures that healed with 15°of varus one occurred as a gunshot fracture and the other during a motorcycle accident (Figs. 1a, b, c, d and e) . None of these were associated with complications or concomitant injuries. Despite radiographic deformity, none of the patients with an angulation of 15°or more were willing to undergo corrective surgery due to absence of functional limitation and almost absent clinical deformity.
Active elbow range of motion (ROM) at final follow-up averaged 114°(range, 60-135). Twenty patients obtained full extension, while two, 11 and two patients had an extension lag of 15°, 20°and 30°, respectively. Flexion of at least 130°was obtained in 20 patients. Five, seven, one and two patients had maximal elbow flexion of 120°, 115°, 110°and 90°, respectively. In nine elbows ROM was less than 100°. This loss of ROM occurred after nonunion in two cases, infection in two cases (one of them a high velocity projectile with multiple nerve and vascular injuries), a type I open fracture in one case, and closed fractures in four cases. Seven patients with ROM of less than 100°had an extension lag of 20°and two of 30°; seven patients had maximal flexion of 110°and two of 90°. Postoperative results are summarised in Table 2 .
Discussion
Open reduction internal fixation of humerus shaft fractures is considered the standard for operative treatment of humeral shaft fractures. A large body of literature on this treatment modality reports healing rates that range between 88 and 100% [4, 5, 7, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] (Table 3) . Furthermore, adequate fracture reduction is consistently reported, with malunion occurring in less than 5% of cases [4, 5, 7, 16, 20, 23] . Iatrogenic radial nerve injuries have nevertheless been reported to occur in up to 31% of cases [5, 7, [16] [17] [18] [19] [21] [22] [23] and infections in around 3-7% [5, 7, 16, 17, 19, 20, 22, 23, 25] with one prospective study reporting infections in five (two superficial and three deep) out of 21 fractures (21%) [18] . Extensive soft tissue dissection and radial nerve exposure associated with ORIF may have been possible risk factors for these complications. Additionally, bone grafting is frequently required as an adjunct measure to obtain the high reported union rates, with frequency of between 0 and 49% [4, 5, 16, 18, 20, 21, 23, 24] . Minimally invasive plate osteosynthesis of the humeral shaft has been developed to allow anterior plate and screw stabilisation involving less soft tissue disruption, thereby theoretically improving healing rates and reducing complications like infection and iatrogenic radial nerve palsy [9] . As summarised in Table 3 , MIPO has consistently shown healing rates of more than 90%, even in the setting of open fractures. Even though these results are similar to those of ORIF, bone grafting was not used in any of the studies on MIPO. Furthermore, from the pool of 114 fractures treated with MIPO and reported in the literature, iatrogenic radial nerve injury has only been reported in a single case [12] (Table 4 One of the major difficulties of MIPO is obtaining adequate fracture reduction. During conventional ORIF fracture reduction is achieved by direct visualisation of the fracture and temporary stabilisation with bone clamps. MIPO on the other hand requires indirect reduction techniques and closed fracture manipulation while plate fixation is obtained. Despite these challenges, malunion rates for MIPO range between 0 and 3%, similar to those reported for ORIF [7, 8, 11, 12] (Table 3) .
As mentioned above, most articles on MIPO of humerus shaft fractures report healing rates of 100% for closed fractures [6, 7, 10, 12, 13] and between 90% and 100% for open fractures [8, 9, 11] . Infection rates after MIPO of the humerus range from 0% to 17% in closed fractures and from 0% to 7% in studies that include open fractures [6] [7] [8] [9] [10] [11] [12] [13] . With a healing rate of 91% and a prevalence of open fractures of 43%, our study supports MIPO as an effective surgical option for humeral shaft fractures. Furthermore, only one deep and one superficial infection occurred, which represents a 6% infection rate that is consistent with that reported in the literature (Table 4 ).
An average elbow range of motion of 114°was found in our study, which is similar to the results of Jiang et al. and Pospula et al. who obtained an average 117°and 119°, respectively, after MIPO of humerus shaft fractures [8] . Most studies on MIPO have, however, found average elbow ROM to range from 128°to 134° [7, 9, 10, 13] . Furthermore, elbow ROM after MIPO is consistently reported to be above 100° [7, 9, 10, 12, 13] , a minimum value that has been shown to be required for normal elbow function [26] . In our study, nine patients had final elbow range of motion of less than 100°. While four of these nine patients had presented with postoperative complications, including infection in one case, nonunion in two cases and multiple nerve injuries in one case, five patients had noncomplicated fracture healing. Therefore, 16% of cases were found to have a significant restriction in elbow range of motion after uncomplicated healing of humerus shaft fractures. Since a flexion contracture of at least 20°was present in these cases, we hypothesise that anterior scaring of the brachialis muscle may be involved, since this muscle is invariably incised during the MIPO technique.
An average alignment of 4°degrees of varus was found in our study, with only 22 fractures (66%) achieving a final coronal alignment within 5°of neutral. More accurate reductions have been reported for MIPO. In a series from Numbela et al., healing was found with less than 5°of angulation in 72% of cases [11] , while Jiang et al. obtained a coronal angulation of less than 5°in 95% of cases [8] ( Table 4 ). In our series seven patients had a final coronal angulation of at least 10°. While the humerus is considered to be able to tolerate coronal angulations of up to 20°b efore becoming functionally limiting [27] , our results reflect the technical complexity of obtaining anatomical alignment using a minimally invasive approach. In order to obtain adequate alignment we have paid special attention to three aspects: (1) intraoperatively obtaining adequate abduction of the upper extremity in order to avoid varus malalignment, (2) maintaining 30 degrees of elbow flexion with longitudinal traction of the arm in order to avoid flexion-extension malalignment, and (3) assuring adequate intraoperative images in AP, lateral and oblique views. Furthermore, after obtaining initial fixation with the distal and proximal most screws, absolute certainty about alignment must exist before introducing the middle screws. Correction of angulation is not possible thereafter.
Only one radial nerve injury did not recover after fracture fixation in our study. This injury was secondary to a gunshot fracture graded as open type III C and caused by a high velocity projectile. Despite this particular case, our results further support the findings of Liviani et al. [10] for the use of MIPO in humeral fracture management with the presence of radial nerve injury. In their series of six humerus shaft fractures with radial nerve injury, nerve function recovered in all cases. Interestingly in our series, all radial nerve palsies caused by low velocity gunshot wounds were intact and recovered within 12 weeks of injury. No iatrogenic radial nerve injury occurred in our series, which is consistent with most studies on MIPO. Only one case of an iatrogenic radial nerve palsy following the MIPO technique has been reported in a series of 12 humerus shaft fractures [12] ( Table 4 ).
Conclusions
Our study supports MIPO as a safe and efficient procedure for humeral shaft fracture treatment. Adequate healing and low infection rates can be obtained. Risk of iatrogenic radial nerve injury is low if the appropriate surgical technique is used. Furthermore, fractures accompanied by radial nerve injuries may be adequately fixed using this approach. The high rates of postoperative angulation found in our study reflect the fact that MIPO is a demanding surgical technique that requires adequate imaging and surgical experience. Elbow flexion contracture should also be regarded as a possible complication using this approach and may indicate the need for a formal elbow rehabilitation protocol.
